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An Emerging Nanozyme Class for a la carte Enzymatic-Like
Activities based on Protein-Metal Nanocluster Hybrids

Rocio Lépez-Domene, Silvia Vdzquez-Diaz, Evgenii Modin, Ana Beloqui,*

and Aitziber L. Cortajarena*

In this study, the goal is to fabricate robust and highly efficient peroxidase-like
nanozymes that can ultimately be assembled into films for their easy reuse in
catalytic cycles. Nanozymes are designed by mimicking the strategy adopted
by metalloproteins to accommodate metal cofactors within their protein
structure. The engineered consensus tetratricopeptide repeat (CTPR) protein
module is selected as the scaffold to guide the growth and the stabilization of
a library of in situ synthesized metal nanoclusters. A deep investigation of the
interplay between the composition and function of the nanozymes reveals the
impact of the protein templates and nanocluster composition on the
peroxidase-like activity of the hybrids. Moreover, among a total of 24 hybrids,
a top-performing nanozyme results from the growth of Au/Pt bimetallic
nanoclusters on a CTPR protein with engineered histidine coordination sites.
These nanozymes exhibit improved thermostability and resistance to
hydrogen peroxide compared to natural peroxidases like horseradish
peroxidase. Finally, it shows the easy fabrication of nanozyme composite films
guided throughout the intrinsic self-assembling properties of the CTPR
scaffold. These heterogeneous solid materials are reused in several reaction
cycles without significant loss of the catalytic performance, proving these
protein-templated nanozymes as an advantageous alternative to natural

to overcome some of the limitations of natu-
ral biocatalysts.>*! However, such an ambi-
tious goal could only be achieved if the syn-
thesized nanozymes exhibit both high cat-
alytic performance and relevant robustness
under broad operational conditions.[>>~7]
While most of the developed nanozymes
consist of inorganic nanoparticles (NPs),
the use of ultra-small size NPs (< 2 nm)
as potential nanozymes has not been ex-
ploited yet.B1% These types of nanoma-
terials, composed of several to hundred
metal atoms, are known as metal nan-
oclusters (mNCs).'"12l Among their nu-
merous traits, mNCs are attractive due to
their excellent catalytic profile, which gen-
erally overperforms that shown by inor-
ganic NPs.'¥] Unfortunately, as they are
susceptible to agglomeration into larger
NPs, the synthesis of high-quality mNCs
is still challenging." Only the template-
guided growth of mNCs has been success-
fully demonstrated to achieve controlled re-

enzymes.

1. Introduction

Nanozymes are (in)organic materials featured as artificial bio-
catalysts due to their small dimensions and excellent catalytic
performance in several chemical reactions.?] These emerg-
ing nanomaterials have been proposed as artificial alternatives

duction of cationic sources and avoid the

formation of undesired aggregates.['1:1>16]

The selection of the appropriate template

is key to modulate the final features
of the mNCs and enable the implementation of the nanozymes
in specific fields. Therefore, the use of engineered small
ligands,'”] metal organic frameworks,!"®) or biomacromolecules
such as antibodies!'! permits the application of mNCs
as bioimaging agents, photocatalysts, or sensing probes,
respectively.
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Scheme 1. Proposed experimental workflow for the fabrication of nanozyme films with peroxidase-like activity. Engineered CTPR motifs with 4 metal-
coordinating histidines or cysteines at the positions 2, 6, 9, and 13 of the 34 amino acid CTPR sequence are designed (i). Engineered modules are
combined and flanked with unmodified WT CTPR modules to give rise to the final constructs with 6 repeated domains and 16 metal coordinating
amino acids that are conveniently allocated on the concave face of the proteins. Proposed structures for Céyy;s and Céc,s are shown based on CTPR-WT
structure (PDB DI: 2AVP). (ii). Metal nanoclusters are grown in the inner cavity of the protein, as depicted in the proposed structure, upon the addition
of corresponding metal salts and the subsequent in situ reduction. Hence, a library of nanozymes is produced, characterized, and their peroxidase-like
activity tested (iii). Finally, the top-performing nanozyme is used to fabricate solid catalytic films (iv).

Inspired by nature, specifically by the configuration and com-
position of metalloproteins, metal-loaded protein scaffolds have
emerged. As for metalloenzymes, optimized coordination envi-
ronments are offered to specific metal cofactors, either metal
clusters or single metal ions.[223] The use of proteins as scaf-
folds to accommodate metal catalysts has been promoted as a
green strategy for the synthesis of biocompatible and easy-to-
handle catalytic biomaterials.'®?*2] Such bio-scaffolds are often
manipulated to accommodate artificially inserted metal cofactors
through metal substitution or metal coordination pathways.[2¢!
Metal NCs have also been accommodated within commer-
cially available protein templates such as BSA, lysozyme, and
ferritin.[?’-2%] Yet, the use of protein templates that lack armored
metal-binding sites usually leads to the uncontrolled forma-
tion of NPs and aggregates, limiting their usefulness in cat-
alytic processes.*%! Therefore, alternative strategies based on the
molecular engineering of the protein scaffold to ultimately sta-
bilize the mNCs are sought. In this regard, we hypothesize the
integration of the new dative metal-binding sites into natural
scaffolds without any preexisting metal coordination is an attrac-
tive approach for the fine-tuned localization and the stabiliza-
tion of mNCs. Hence, powerful protein-templated mNCs with
controlled environment and composition could be achieved.3!32]
While the bio-scaffold would impart colloidal stability to the in-
organic counterpart, precluding the formation of aggregates and
controlling the synthesis procedure, the catalytic robustness of
the hybrid would be governed by the catalytic capabilities of the
mNCs, which are less delicate to conformational changes than
metalloenzymes. The role of the protein scaffold on the stability
and catalytic performance of the nanozymes is explored in this
study.

Endorsed by the current technological and industrial applica-
tions, catalysts recovery after the catalytic reaction is an essential
requirement for their reusability.?3] There are several methodolo-
gies for the embedment of enzymes on solid supports, >3 but
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only limited approximations to integrate nanozymes, and more
specifically mNCs, on solid materials have been reported. 32! In
this regard, we present the selection of structural proteins with
the ability to self-assemble into manipulable films as an excel-
lent opportunity to achieve tunable mNCs-loaded heterogeneous
nanozymes that enable the reuse of the catalytic material in mul-
tiple consecutive reactions.[*0:41]

In this work, designed repeat proteins, namely consensus
tetratricopeptide repeat proteins (CTPR), were chosen due to
their exceptional modular features.[313242-45] The 3D structure of
CTPR is defined by few conserved residues (9 out of 34), which
enables the tailoring of the protein sequence without exerting
conformational alterations. Here, CTPR proteins with six repeats
and engineered metal coordination sites encoded by cysteines
(C6e) or histidines (C6yy;) were envisaged as optimized environ-
ments for the growth of mNCs, which were synthesized following
green chemistry premises in a one-pot synthesis procedure.!!
Hence, a library of novel nanozymes that mimic the structure
of metalloproteins with peroxidase-like activity was attempted
(Scheme 1). Interesting results are revealed when compared to
a natural peroxidase enzyme, the horseradish peroxidase (HRP).
To conclude, we explored the capability to self-assemble these hy-
brid nanozymes into robust solid films for reusability purposes.

2. Results and Discussion

2.1. Synthesis and Characterization of Monometallic Nanozymes

Herein selected protein scaffold, the consensus tetratricopep-
tide repeats (CTPR) protein, was engineered to introduce metal-
coordinating sites based on histidine or cysteine sequences that
are strategically allocated and oriented to accommodate metal
cations.?2#6471 Optimized scaffolds were designed with six CTPR
modules composed of four engineered repeats with 4 histidines
or 4 cysteines per module and two wild-type (WT) flanking
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Figure 1. Characterization of Pt@C6¢,, nanozyme. A) UV-vis spectra of the protein scaffold with (in green) and without (in black) the nanocluster.
B) Deconvolution analysis of high-resolution XPS spectrum of the Pt 4f peaks measured for Pt@C6¢,s. C) MALDI-Tof spectra of the CTPR protein (m/z
of 25 738) and Pt@C6y (m/z of ca. 28 000).D) TEM image of the Pt@C6Cys sample. The inset image shows the size distribution of the Pt nanozymes.

repeats. These configurations resulted in protein scaffolds with a
total of 16 histidine or cysteine residues and are here referred to
as C6yy;; and C6 variants, respectively (Scheme 1i,ii). The distri-
bution of these residues was determined based on the following
design principles: i) the residues should point toward the inner
cavity of the protein to generate a protective environment for the
accommodation of the nanoclusters; ii) selected residues should
be exposed to the environment to allow the metal-ligand coor-
dination; iii) non-conserved residues were chosen based on pre-
vious analysis of sequence conservation within TPR domains,[*!
which can be modified while guaranteeing the preservation of the
TPR fold; and iv) previous observations indicated that increasing
the number of coordinating residues per repeat to four could in-
crease the size of the resulting metallic nanoclusters.[*] Further
details on the protein design, expression, and purification are de-
scribed in the Experimental Section.

The synthesis of the mNCs was performed using the en-
gineered CTPR variants as templates to achieve gold, cop-
per, or platinum nanocluster-loaded nanozymes, referred to as
mNCs@C6, in a procedure that avoids the use of organic solvents
and stabilizing agents. It is worth noting that the protein struc-
ture is not preserved throughout the complete synthesis proce-
dure, and thus it may function as a carrier of high local concen-
tration of coordinating His or Cys residues at this stage. How-
ever, the robustness of the CTPR structure enables correct refold-

Adv. Funct. Mater. 2023, 33, 2301131 2301131 (3 Of13)

ing to occur upon the synthesis, proving a structured environ-
ment to the final nanoclusters (Figure S1, Supporting Informa-
tion). The synthesis protocol entails the incubation of the engi-
neered proteins and corresponding metal salts (HAuCl,, CuSO,,
or K,PtCl,), and the in situ reduction of the inorganic compo-
nents using sodium ascorbate as reducing agent (Scheme 1iii).
Thereafter, samples were washed and purified according to the
protocol described in the Experimental Section. The composition
of the yielded hybrids was enlightened by several spectroscopic
techniques. UV-vis spectra of the nanozymes profiled the con-
tribution of the protein absorption at 280 nm together with an
increase in the extinction in the visible range of the spectra cor-
responding to the mNCs (Figure 1A; Figure S2, Supporting In-
formation). Circular dichroism spectroscopy on mNCs@C6 did
not provide clear results due to the absorption and scattering
imparted by the nanoclusters. However, the signature signal of
the a-helical content was appreciated, indicating that the protein
scaffold presumably conserved the characteristic a-helical sec-
ondary structure upon the synthesis procedure (Figure S3, Sup-
porting Information), as previously reported for CTPR-stabilized
mNCs.*] The presence of inorganic components and their
corresponding oxidation states were examined by X-Ray Pho-
toelectron Spectroscopy (XPS). Under these synthesis condi-
tions, we achieved Pt-based nanozymes composed exclusively
by oxidized species, namely Pt (Figure 1B). Contrarily, the
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synthesis procedure led to a nearly complete reduction of cop-
per and gold salts (Figure S4, Supporting Information). As for
Cu@C6yy;,, two distinct peaks at 930.7 and 950.4 eV were as-
signed to Cu 2p;, and Cu 2p,, with a spin-orbit separation of
19.7 eV, respectively. These peaks confirmed the presence of Cu’
and only trace amounts of Cu'.[*! Similar information was re-
trieved from Au@C6, in which Au® could only be observed as
the main specie.

A precise analysis of the atomic size of the mNCs was per-
formed by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) (Table 1; and Table S1, Supporting Information). Interest-
ingly, the number of metal atoms coordinated per protein and,
thereby, the size of the mNCs, relied not only on the type and
concentration of the offered metal cation but also on the composi-
tion of the engineered scaffold. As a general trend, C6; was able
to accommodate metal cations with higher efficiency than C6,;,.
Furthermore, our methodology fosters the growth of Pt NCs over
Au or Cu NCs regardless of the coordination sphere in which the
nanoclusters are settled, with more than 20 Pt atoms per protein
tracked by ICP-MS for Pt@C6, yy;; nanozymes. We confirmed
the complete modification of the recovered protein by Matrix-
Assisted Laser Desorption/Ionization Time-of-Flight mass spec-
trometry (MALDI-ToF) (Figure 1C; Figure S5 and Table S2, Sup-
porting Information), since no unmodified protein was detected
after the synthesis procedure. The yield of the process, measured
as the % of the recovered protein, varied from 22 to 80%, and de-
pended on the metal source and the protein scaffold used for the
synthesis (Table S3, Supporting Information). Finally, a size of
1.5 + 0.4 nm was determined for Pt nanozymes by Transmission
Electron Microscopy (TEM) (Figure 1D).

The catalytic performance of the newly prepared hybrids was
characterized. The peroxidation capability of the nanozymes was
followed by monitoring the oxidation of pyrogallol (PG) to pur-
purogallin in presence of hydrogen peroxide at 420 nm (Figure
S6 and Table S4, Supporting Information). As shown in Table 1,
no significant differences in terms of catalytic turnovers were ob-
served for a given mNC when comparing the two protein scaf-
folds. However, relevant differences arose from the nature of the
metal component of the nanozyme. Pt@C6 exhibited the high-
est catalytic turnovers, performing almost 50 times faster than
Cu@C6 hybrids. In addition, we demonstrated that the protein
template provided significant benefit for the stabilization and cat-

Table 1. Characterization of monometallic mMNCs@C6. ICP-MS (as num-
ber of atoms per protein) and peroxidase-like activity (*PPk_,;, s~") results
for Au, Cu, and Pt monometallic NCs stabilized by C6yy;; and Céc,s pro-
teins.

No. Offered metal ~ Template Final Peroxidase-like
Reaction equivalents? composition?)  activity [*PPk,,,5 7]
1a 64 (Au) Chuye Aug -

b Chee Aug -

2a 64 (Cu) Chi1e Cus 36.4 + 1.0

2b Chee Cupy 316+ 1.6

3a 64 (PY) Copye Pty 1487.8 +97.7
3b Cheys Pty 1512.3 +24.7

? Equivalents with respect to the protein. ®) As measured by ICP-MS.
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alytic performance of Pt and Cu nanoclusters compared to naked
nanoclusters (Figure S7, Supporting Information). Yet, Au@C6
was not able to oxidize PG under identical conditions.

2.2. Expanding the Catalytic Scope of the Hybrid Nanozymes

Although this optimized protocol was successful for the fab-
rication of catalytically active nanozymes, we observed that
monometallic hybrids showed limited growth of the inorganic
components. Moreover, we could not achieve the reduction of
Pt atoms in situ following our protocol. Thereby, supported by
previous reports,’*>!l we envisioned that the formulation of
nanozymes with bimetallic nanoclusters (bmNC@C6) could out-
perform the catalytic activity measured for mNCs. Consequently,
we attempted to experimentally evolve the inorganic component
of the hybrids by triggering the in situ assembly of bmNCs on
the engineered metal coordination proteins (both His- and Cys-
based). Starting from the top-performing sample, i.e., Pt@C6,
we achieved Pt hybrids doped with either Au or Cu atoms at a
range of molar dilutions (Au/Cu:Pt molar ratios of 1:2, 1:6, and
1:10). To understand the system further, a nanozyme family com-
posed by Au and Cu was also built (Table 2). The same synthesis
conditions were applied to both C6yy; and C6, variants to as-
sess the effect of the engineered modules on the growth of bm-
NCs. Hence, we achieved a library of 18 bimetallic nanozymes
that was fully characterized in terms of their chemical composi-
tion, catalytic performance, and stability, in order to be consid-
ered as valuable replacements of natural enzymes for selected
applications (details on the synthesis in the Experimental Sec-
tion). Nanozymes were coded according to their metal composi-
tion with the M1, M2 @C6y;;c,s nomenclature, where M1 and
M2 refer to the metal components of the NC (Au, Cu, or Pt)
and x and y indicate the number of atoms present within the
nanozyme, as revealed by ICP-MS (Table 2; and Table S5, Sup-
porting Information).

At first glance, larger clusters were obtained when higher
metal concentrations were offered to the protein. Moreover, it
seems that the incorporation of Pt constrains the overall insertion
of Au and Cu atoms within the NCs. A clear example of this effect
can be found when using C6,y; as scaffold. For the same Au con-
centration, the addition of 5 times more of Pt salt restricted the
incorporation of Au from 14 to 7 atoms within the nanozyme (re-
action 4a vs 6a in Table 2, respectively). Another interesting trend
denoted that the Au,Pt, formulation yielded larger clusters than
Cu,Pt,, with only 2 to 3 atoms of Cu incorporated in the Cu,Pt,
series. At this point, unlike shown by mNCs, the binding module
also exerted a clear difference. Under the same reaction condi-
tions, 6a and 6b in Table 2, the use of the Cys scaffold gave rise to
larger nanoclusters, with 30% higher atom content — with an in-
corporation of 83 versus 57 total atoms using C6, or C6,;;, mod-
ules, respectively. Contrarily, when Cu,Pt, clusters were exam-
ined under the same reaction conditions (9a and 9b in Table 2),
larger structures were achieved when using the C6,,, template
compared to C6, (41 vs 30 total atoms, respectively). It is known
that gold binds most efficiently to thiols within cysteines,[>*>4
and that copper preferentially is coordinated by the imidazole
rings within histidines,[®%) thus the strength in the coordination
of the nucleating metal might determine the final size of the
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Table 2. Synthesis conditions utilized for the fabrication of bimetallic NCs of Au,Pt,, Au,Cu,, and Cu,Pt, and the measurement of the final atomic

composition of the clusters.

No. Offered metal Offered Au Offered Pt Offered Cu Template Final
Reaction concentration [mm] equivalents? equivalents equivalents 2 composition®)
4a 192 32 64 . Chrie AusPty,
4b Ches Aug Pt
5a 4.48 32 192 . e AuoPts,
5b Coeys AugPts,
6a 7.04 32 320 . e Au,Pts,
6b Céey Au, Pty
7a 1.92 64 32 o Cu,Ptg
7b Coeys Cu,Pt,
8a 4.48 192 32 e CusPty,
8b Coeys Cu,Ptys
9a 7.04 320 32 e Cu,Ptys
9b Ches CusPty,
10a 1.92 32 64 e Auy,Cus
10b Coeys AuCus
11a 4.48 32 192 e Auy,Cuiy,
11b Chiys Au;Cu;,
12a 7.04 32 320 e Au,Cuy,
12b Céiys Au;Cu;,

3 Equivalents with respect to the protein. ®) As measured by ICP-MS.

bmNC. From the whole library, Au,Pt,;@C6, nanozyme was
found to be the largest in terms of the number of atoms. A TEM
image of this nanozyme revealed the formation of homogeneous
nanoclusters with an average size of 2.3 + 0.8 nm (Figure S8,
Supporting Information).

To complete the compositional characterization of the
nanozymes, we analyzed the oxidation states of the newly
synthesized hybrids by XPS. Remarkably, unlike observed for
monometallic NCs, bimetallic C6 hybrids displayed intermediate
oxidation states such as Au!, Au'!, and Cu' (Figures S9-S11
and Table S6, Supporting Information). And more interest-
ingly, reduced Pt° species were now achieved, which are of
high interest for catalysis (Figure 2A).5%%7) As the size of the
bmNCs increases, reduced species, namely Pt°, prevail for a
given protein scaffold, as expected from larger nanocluster cores
(Figure 2B). [54%9] Interestingly, significant differences in the
predominance of the oxidation states of the bmNCs are observed
when either C6q, or C6yy, scaffolds are used. For example,
the higher reducing potential of the cysteines is observed for
Cu,Pt, @ nanozymes, as C6c,, module triggers the reduction
of platinum to Pt® with more efficiency than C6y;, (Figure 2C;
Figure S10, and Table S6, Supporting Information).

2.3. Assessment of the Catalytic Performance of the Hybrids
2.3.1. Measurement of the Catalytic Parameters
The tunability of the oxidation states by the bmNC size, metal

composition, and protein scaffold enables a rich protein-bmNC
library that encompasses diverse redox properties of relevance

Adv. Funct. Mater. 2023, 33, 2301131 2301131 (5 Of13)

to catalysis. Therefore, the catalytic potential of this collection of
nanozymes was explored. We detected that the nanozymes, rely-
ing upon their composition, exhibited peroxidase, oxidase, cata-
lase, and superoxide dismutase-like activities (Figure S12, Sup-
porting Information). In this work, we have focused our efforts
on the assessment of the most prominent catalysis, namely, the
peroxidation of the evolved bmNCs@C6 in relation to the cat-
alytic profile of natural peroxidase, namely, horseradish peroxi-
dase (HRP). For that, we performed a comprehensive study in
which composition-function relationships were revealed through
the correlation of the measured kinetic parameters and the un-
veiled composition of the hybrids.

bmNCs@C6 were considered artificial metalloenzymes as
they displayed Michaelis-Menten-like kinetics. (] The measure-
ments performed and the calculations of the apparent kinetic pa-
rameters (PPKy,, PPV, .., PPk, and ¥k, /"PPK,,) for the perox-
idation of pyrogallol (PG) are collected in Figures S13-S15 and
Table S7 (Supporting Information). All the bimetallic biohybrids
showed peroxidase-like activity to a greater or lesser extent. As
expected, hybrids with Pt in their formulation provided better
catalytic performances than Au,Cu, series (Figure 3A). More-
over, the bmNCs within the Au, Cu, family of nanozymes outper-
formed monometallic Cu@C6 hybrids, in agreement with previ-
ous works that reported on the enhanced activity of bi-metallic
systems (Figure 3A, inset figures). (61621 Further, the “?k_, of
Au, Pt @C6, series did not evolve significantly with the size of
the NCs as observed for the Au,Pt,@C6yy;, nanozymes. Largest
NCs rendered *?k_,, values of 3667 s~1, only 2.4 times higher than
the value measured for the monometallic Pt@C6,,. This effect
might be related to the orientation of the growth of the clusters
on the Cys module, which might exert diffusion limitations to
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Figure 2. Deconvolution analysis of high-resolution XPS spectra of the Cu 2p, Au 4f, and Pt 4f peaks measured for Au,Pt, @ and Cu,Pt, @ nanozymes. A)
Fitting curves of Pt 4f ; , spectra (up) and Au 4f;, (down) of AusPts; @C6c,s hybrid. B,C) Atom composition (as %) and their corresponding oxidation

states for Au,Pt, @ B) and Cu,Pt,@ C) nanozymes. The traces of Cu could

the catalytic event. Contrarily, C6,;; module allowed a significant
evolution of the performance of the NCs in terms of the catalytic
turnover, showing a maximum of 12 640 s, which results in 8.5
times the value measured for the monometallic Pt@C6,;;; and
in 3.4 times the best result obtained for the C6, variants, i.e.,
Au, Pt @C6.

Both modules, i.e., C6y;, and C6, showed an overall cor-
relation between the number of Pt atoms incorporated into
the cluster and the catalytic efficiency measured as **k_,,/**K,,
(Figure 3B). Au,(Pt,, or Cu,Pt;, bmNCs grown in the C6,y;, co-
ordination module rendered similar number of Pt atoms (42 vs
39 atoms of Pt with a relative abundance of Pt® of 22.9% and
22.81%, for Au,,Pt,, @C6,y;, and Cu,Pt;y@C6yy;,, respectively)
and thus, catalytic efficiencies (3119 vs 2353 for Au,,Pt,, @C6yy;,
and Cu,Pt;, @C6yy;, respectively). However, the insertion of Pt
atoms does not seem to be the only parameter that encodes the
catalytic performance of the nanozymes, but rather has a multi-
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not be detected by XPS.

factorial origin. In a clear example, Au, Pt;, @ C6y;, outperformed
AusPts; @C6 2-fold in terms of peroxidase-like activity with
similar number of Pt atoms. The oxidation state of the met-
als also plays a role in the catalytic activity, being the hybrids
with higher content of Pt the most active in peroxidation re-
actions, in accordance with previous reports. > Additionally,
the synergy between oxidation states of the same metal needs
to be considered. In this sense, the coexistence of Pt’ and Pt"!
oxidation states in the hybrids enhanced catalysis, as has been
previously observed for other systems.[>*%*] This premise is ob-
served in our top-performing nanozymes, i.e., Au;,Pt,, @C6yy;,
and Au, Pt,s @C6, which display similar Pt’:Pt'" stoichiometry
(20/25:63/66) and catalytic turnovers (Figure 3A; and Table S7,
Supporting Information).

Deeper investigations were performed to elucidate the
composition-activity relationship of the hybrids. The measure-
ment of #PK,, for the library nanozymes revealed interesting
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Figure 3. Characterization of the peroxidase-like activity of the nanozymes.

Number of Pt atoms per protein

A) Catalytic turnovers measured for the whole family of nanozymes built in

this work. B) Evolution of the catalytic efficiency (*PPk,,/?PPK\;) of the nanozymes according to their Pt content.

results when using PG as substrate (Table S7, Supporting
Information). While Au,Pt, family rendered similar or even
higher #?K,, than that measured for the natural HRP — from
0.47 £ 0.05 to 1.63 + 0.22 mwm versus 0.67 + 0.03 mw for the hy-
brids and HRP, respectively — the affinity toward the substrate
was markedly increased in Cu-loaded nanozymes, with mea-
sured values as low as 0.14 + 0.03 mwm for Au,,Cu; @C6yy;,. Such
low #PK,,; was only achieved with the smaller hybrids of the li-
brary, most of them within the Au,Cu, formulation. Interestingly,
these values are lower than those reported for other Au/Pt NPs
with peroxidase-like activity (Ky; of 651 mm for pyrogallol),®!
and are within the range of values reported for hemin-loaded
nanozymes (K, from 0.4 to 1.2 mwm),I°%"] and the natural HRP
enzyme (Ky; of ca. 0.8 mm).[%8!

When studying the effect of the coordinating modules on
the catalytic parameters, the maximum velocity (V,,,,) mea-
sured for Cys-variants was limited to 11 s™!, regardless of the
size of the NCs. Hence, the maximum substrate saturation was
maintained nearly constant and independent of the size of the
NCs (Figure 4A). This value slightly improved that obtained for
monometallic Pt@C6 (V. = 8.92 +0.29 pmol min™"). On the
other hand, His module permitted the evolution toward higher
catalytic velocities, with a maximum of 37.90 + 1.07 pmol min~".
This effect highlights the influence of the protein backbone on
the catalytic performance of the nanozyme, and might be related
to the different accommodation, orientation, and stabilization of
the NCs provided by the two protein modules.

2.3.2. Mechanism of Peroxidation

Although these hybrids could be characterized following
enzyme-like kinetics, the mechanism of the mNCs has not been
yet revealed. For this purpose, we studied the role of different
reactive species in the oxidation of pyrogallol mediated by the
engineered hybrid biocatalysts. For that, we studied the peroxi-
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dation reaction of Au,Pt;,@C6,;;, nanozyme in presence of as-
sorted scavengers of reported reactive species that are usually in-
volved in peroxidation reactions. Thus, 2-propanol to remove hy-
droxyl radicals, sodium azide (NaNj) for singlet oxygen, triethy-
lamine (TEA) as metal blocker, and L-ascorbic acid (L-AA) as su-
peroxide anion scavenger were added separately and the activity
under those conditions was measured (Figure S16, Supporting
Information). As depicted in Figure 4B, both TEA and L-AA de-
pleted completely the peroxidase-like activity of the clusters, re-
vealing that superoxide anions and metal blockers play a major
role in substrate oxidation. Also, a partial reduction of the activity
was observed when NaN, was added to the reaction, which sug-
gests that singlet oxygen species are also present in the peroxida-
tion event. Interestingly, we demonstrated that hydroxyl radicals
(*OH) are not involved in the mechanism of pyrogallol peroxi-
dation. The absence of *OH radicals in the mechanism is high-
lighted as one of the main differences with natural peroxidases
(Figure S17 and Table S8, Supporting Information), and has been
suggested for similar nanozymes, such as the Fe-single atoms
nanozymes reported by Wu et al.[®”]

2.3.3. Catalytic Stability of the Nanozymes

This work aims to build catalytic biomaterials for long-term use.
As mentioned above, while the deployment of metal NCs is
highly attractive due to their functionality, the tendency to ag-
gregate in solution restricts their application. In this respect, the
protein-templated synthesis can enhance the NC stability and
overcome the formation of aggregates. However, the preferen-
tial utilization of NCs, rather than natural enzymes, will be deter-
mined by the robustness of the NCs upon long-term storage and
under biologically relevant conditions. Thus, we studied the sta-
bility of the hybrids over time, pH and temperature ranges, and
under high peroxide concentrations.
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Figure 4. Catalytic study of the nanozymes. A) Michaelis-Menten curves measured for the peroxidation of PG by Au,Pt, @ nanozymes. B) Specific activity,
as U mg™!, measured for Au,Ptso @C6,y;; in presence of assorted scavengers for reactive species (IPA, sodium azide, L-AA and TEA).

First, the robustness of the catalytic materials upon long-term
storage at 4 °C was measured. For that, the specific activity of
the nanozymes, both mNC and bmNC, was tracked up to 60
days. As observed in Figure 5A, we detected a slight drop in
the peroxidase-like activity over time for some of the formula-
tions. While smallest nanoclusters maintained their activity dur-
ing the assayed timeframe, Au,Pt;,@C6,;;, nanozyme experi-
enced a marked activity drop of 40% upon 60 days storage at 4 °C.
It is worth noting that non-protected nanoclusters, i.e., naked-
nanoclusters, experience a decline in their catalytic performance
within a few days (Figure S7, Supporting Information). In addi-
tion, other protein-protected nanozymes in which the nanoma-
terial remains exposed on the surface of the biomacromolecule
have reported limited shelf-stability, e.g. bimetallic NCs stabilized
by antibodies, which lost their activity after only 10 days.[!?!

For the following experiments, we focused on the characteriza-
tion of the top-performing catalytic nanozyme, Au,Pt;,@C6y;,,
as a potential hybrid material that could overcome the robustness
issues associated with HRP enzyme. As depicted in Figure 5B,
the highest catalytic activity of the hybrid was attained at pH 7,
with significant activity displayed at pH 6 and 8 (higher than 75%
of the maximum activity is conserved). Higher pH values were
not tested due to the auto-oxidation of PG substrate at basic pH.
Both the natural peroxidases and most of the recently discovered
peroxidase nanozymes perform catalysis under acidic environ-
ments, with an optimum pH for HRP between 5-6, which lim-
its their usage in numerous biosensing, biomedical, and phar-
maceutical applications.”?! Satisfactorily, the nanozyme shows a
broad pH operational window, with less than 25% loss of activ-
ity at pH 8.0. Moreover, the ability of Au,Pt;,@C6,y; to keep its
catalytic performance after incubation at high temperatures, i.e.,
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60 °C, was demonstrated (Figure 5C). Remarkably, the nanozyme
retained its activity — showing less than 8% of activity loss —
while the mimicked enzyme, i.e., HRP, was significantly dam-
aged, showing no-activity upon being incubated for 20 min at
60 °C.

One of the difficulties encountered in the use of natural per-
oxidases in technological and industrial applications is related
to their low stability under high hydrogen peroxide concentra-
tions. Most of the nanozymes reported require high hydrogen
peroxide concentrations, i.e., over 100 mm,”!l to carry out the
peroxidation reaction. Only few of them, such as Mn/Au hybrids
and Au/Ag nanostructures with 0.6 and 1.1 um, respectively,!”273]
have shown similar low H,0, detection limits to the nanozymes
reported herein. Our Au,Pt;,@C6;; nanozyme is tolerant to
hydrogen peroxide concentrations to which natural enzymes
are poisoned and remain inactive, with only a 25% reduction
in its activity observed at 500 mm of peroxide. Moreover, the
nanozyme can operate at hydrogen peroxide concentrations as
low as 0.01 mm (Figure 5D).”*74] Therefore, the high stability
and robustness denoted by the nanozymes enable the use of this
hybrid catalytic material for technological applications in which
high hydrogen peroxide concentrations are demanded.

2.4. Fabrication of Films of Nanozymes

Finally, we have approached the first reported top-down strategy
to deposit NCs on surfaces. The benefits of NC-loaded biofilms
are not only relevant for the fabrication of reusable catalytic ma-
terials, but also for the protection of the nanomaterial, which re-
mains embedded into a solid structure. These biomaterials can
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Figure 5. Assessment of the robustness of the peroxidase-like activity of the nanozymes. A) Shelf-stability measured for Au,Pt, and Pt nanozymes for
60 days. B) pH activity profile of Au;Ptso@C6y; nanozyme and HRP enzyme. C) Measured relative activity of Au;Pt;o@C6;; nanozyme and HRP
enzyme upon incubation at 25 and 60 °C. D) Measured relative activity of Au;Ptso@C6,;, nanozyme and HRP enzyme at increasing hydrogen peroxide

concentrations (from 0.07 to 500 mm).

be assembled guided by the self-assembly capabilities of CTPR
proteins, which form nanostructured ordered films.[”>7% Herein,
we aim to harness the assembling driving force of CTPR proteins
to arrange the Au, Pty @C6,y;, hybrid into self-standing catalytic
films. For that, a 3% (w/v) solution of Au,Pt;,@C6,;;, was de-
posited on the surface of a hydrophobic Teflon tape (Figure 6A,
inset picture), which resulted in continuous self-standing pro-
tein films, similar to the ones obtained for non-functionalized
CTPR proteins. As the assembly of the film is governed by weak
interactions, which are non-stable in water, the film was chem-
ically cross-linked with 1% of glutaraldehyde (GA) for 24 h (de-
tails of the synthesis in the Supporting Information).***°) Im.-
portantly, the GA cross-links the protein scaffold to preserve the
integrity of the film in water but leaves the NCs unmodified.
The film could be manipulated and used in catalytic reactions
in aqueous medium (Figure S18, Supporting Information). A
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Scanning Electron Microscopy (SEM) observation of the surface
of the film rendered a full-covered grainy topology (Figure GA).
An insightful characterization of the film by Scanning Transmis-
sion Electron Microscopy (STEM) revealed the presence of well-
dispersed, homogeneous nanoclusters of ~2 nm with high crys-
talline lattices. Additionally, the Energy Dispersive Spectroscopy
(EDS) spectrum of a single nanozyme confirmed the coexistence
of Pt and Au within the same particle (Figure 6B; and Figures S19
and S20, Supporting Information).

In order to measure the catalytic activity of the films, thinner
films that diminish diffusion issues and remain glued to the sur-
face of a multiwell plate were prepared.*! For that, a range of
nanozyme concentrations from 20 to 282 um was tested, result-
ing optimal the deposition of 5 uL at 100 pm. Hence, we achieved
thin films that were tightly adhered to the bottom of the 96-
well plate, minimizing thereby the interference in the catalytic
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Figure 6. Structural and catalytic characterization of nanozyme films. A) SEM pictograph of nanozyme films synthesized by the self-assembly of 300 pl
of a 3.1 mg ml~1 solution of Au;Ptso@C6y; (inset: picture of the film) (scale bar: 30 um). B) STEM pictograph of the nanoclusters arranged into a
thin film produced by Au,Ptso@C6yy;s (scale bar: 30 um). C) Zoomed in detail of the STEM image in B) in which the crystalline lattices of the NCs are
observed (scale bar: 2 nm). D) Recovered specific activity of the films in 10 consecutive peroxidation reactions (inset: thin film deposited on the surface

of the well of a 96-well plate).

measurements by UV-vis (Figure S21, Supporting Information).
Fabricated films showed high reproducibility, with a measured
deviation of the catalytic performance of 11.2% (Figure S22, Sup-
porting Information). To verify the reusability of the nanozyme
films, 10 consecutive catalytic cycles were carried out on the same
film. After each catalytic cycle, the films were washed 3 times
with water prior to the following cycle (details in Supporting In-
formation). The average specific peroxidase-like activity of the
nanozyme films was 10.92 + 1.23 U mg™!, and was nearly un-
altered during the experiment (Figure 6D). Compared to the spe-
cific activity in solution — 19.14 + 1.31 U mg~' —, the arrange-
ment of the nanozymes into films showed a foreseeable drop in
the activity of 57%, most likely due to diffusion issues. A similar
effect was reported before for the embedment of enzymes into
protein films.3]

3. Conclusion

Nanozymes have recently emerged as artificial biocatalysts with
excellent catalytic properties that aim to replace natural en-
zymes by overcoming their limitations. However, to embrace a
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wide number of applications, it is crucial to develop novel ap-
proaches to achieve tunable, highly catalytic, stable, and reusable
nanozymes. This study introduces an innovative nanozyme fab-
rication methodology that relies on the in situ growth and stabi-
lization of monometallic and bimetallic nanoclusters within en-
gineered protein scaffolds. The selection of the CTPR scaffold,
a robust, superstable, and highly-engineerable module, ensures
the structural integrity of the protein template during modifica-
tion and nanocluster synthesis. The modularity and versatility
of the CTPR protein make this scaffold particularly attractive for
the stabilization of nanoclusters, compared to natural protein se-
quences, which are less robust and less easily engineered. The
introduction of a set of either histidine or cysteine residues ori-
ented within the inner cavity of the protein, from which the NCs
are tethered, protects the resulting nanomaterials. On the other
hand, the synthesis of bimetallic nanoclusters expands the cat-
alytic profile of the engineered nanozymes. Importantly, bimetal-
lic nanoclusters showed, among other activities, a peroxidase-like
kinetics that fitted a Michaelis-Menten model, confirming the de-
velopment of a new class of nanozymes. Further investigation
that considered the nature of the protein scaffold (composed by

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85UB01 7 SUOLUWIOD @A) 3ol dde ayy Aq peueob aJe sooiLe VO ‘85N JO SNl 1oy Aleld1T8UIIUQ AB]IAA UO (SUORIPUOO-PUR-SLUIBI/LIY AS | 1M Ale.d| Ul [UO//STIY) SUORIPUOD pue SWs 1 843 88S *[7202/50/20] Uo Akeiqiauiiuo A8|iM ‘03seASed A PepseAIUN AQ TETTOSZ0Z WIPe/Z00T OT/10p/Loo A8 im Afe.d 1 jpul|uo//sdny Wwolj pepeojumod ‘L€ ‘€202 ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

T

ADVANCED
UNCTIONAL
MATERIALS

www.advancedsciencenews.com

either Cys or His metal-coordination modules), the metal compo-
sition of the bmNC:s, the size of the bmNCs, and the catalytic ac-
tivity of the nanozymes, revealed the bimetallic nanozymes with
highest Pt content, as the best peroxidase-like catalysts. However,
the catalytic activity of nanozymes is influenced by factors other
than Pt load. The oxidation state of the metals and the nature of
the binding module used for the accommodation of the nanoclus-
ters also have a significant impact on the catalytic performance of
the nanozymes. Additionally, the coexistence of Pt'!/Pt’ may play
arole in the performance of the hybrids enhancing the peroxida-
tive performance. Furthermore, for CTPR system, the best results
were achieved using His ligands with a relatively high contribu-
tion from Pt’. The precise allocation of the mNCs on the protein
scaffold has resulted in nanozymes with high colloidal stability
and enhanced catalytic performance, as well as improved long-
term catalytic stability.

Unlike natural enzymes that become specialists in catalyzing
specific reactions, nanozymes reach a palette of chemical redox
reactions, as demonstrated here with the reported peroxidase, ox-
idase, catalase, and superoxide dismutase-like activities. More-
over, these hybrid materials are significantly more stable than
natural peroxidases and less prone to inactivation by pH or tem-
perature. This fact raises the herein presented nanozymes as out-
standing candidates to replace enzymes in numerous technolog-
ical applications. Finally, and due to the virtue of CIPR proteins
to self-assemble into solid materials, a strategy for the top-down
deposition of nanoclusters is presented. We achieved stable, ef-
ficient, and reusable solid catalytic materials. In conclusion, this
comprehensive study on the interplay between the composition
and the activity of the nanozymes has provided a solid strategy
for the development of a-la-carte nanozymes with high stability
and robustness.

4. Experimental Section

Design of CTPR Modules: The consensus tetratricopeptide repeats
(CTPR) proteins were previously engineered to introduce strategic metal-
coordinating sites based on a tetra-histidine (His) or a tetra-cysteine (Cys)
per CTPR motif.32 Two different proteins (His and Cys-based) with six
CTPR (C6) modules were fabricated by combining these mutated CTPR
motif. Thus, these engineered proteins include 16 coordinating residues
and proteins are defined as C6-His and C6-Cys. In C6¢y,proteins, the co-
ordinating residues were introduced at the positions 2, 6, 9, and 13 of the
CTPR motif. Meanwhile, in the C6,;s, the coordinating residues were intro-
duced at following positions 2, 5, 6, and 9 of the CTPR motif. To improve
the solubility in aqueous media, the engineered CTPR proteins have an
additional C-terminal solvating helix with polar residues.

Expression and Purification of CTPR Protein: Synthetic gene for the
desired proteins (C6-Cys and C6-His) in pProEx-HTA vector, coding for
N-terminal hexa-histidine tag and ampicillin resistance, was expressed
in Escherichia coli C41 (DE3) after induction with 1 mm isopropyl f-d-
thiogalactoside (IPTG) at an optical density of 0.6-0.8 followed by 18 h
growth at 20 °C. The cell pellets were suspended in lysis buffer (500 mm
sodium chloride, 500 mm urea, 50 mm Tris-HCl pH 8.0) and lysed by son-
ication. After that, the pellet was frozen at —20 °C at least for one day.
The proteins (C6-Cys and C6-His) were purified from the supernatant us-
ing standard Ni-NTA affinity purification protocol. The N-terminal hexa-
histidine tag was then cleaved from the CTPR proteins using the Tobacco
Etch Virus (TEV) protease. As a final step, the aqueous solutions of CT-
PRs were dialyzed against 10 mm phosphate buffer pH 7.4 at 4 °C using
a dialysis membrane with molecular weight cutoff of 10 kDa. Protein con-
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centration was estimated by UV-vis at 280 nm, using the molar extinction
coefficients calculated from the amino acid composition.

Synthesis and Purification of the Nanozymes: An adapted synthesis
method [3' was used for the synthesis of protein-templated metal NCs.
Dithiothreitol (DTT, final concentration of 1 mm) was mixed with the Cé-
Cys scaffold (30 min incubation at 0 °C) to reduce the protein disulfide
bonds and to allow the nanoclusters formation near the coordinating-
metal residues. First, the protein samples in phosphate buffered saline
(50 mm of PB and 150 mm of NaCl at pH 7.0) were changed to pH 10
using PD 10 desalting columns. Second, the proteins (1 mL at 20 um in
phosphate buffered saline at pH 10) were incubated with the correspond-
ing metal salts to allow the coordination with the Cys and His residues (list
of used equivalents collected in Table S1, Supporting Information). The
used metal salts were chloroauric acid (HAuCl,), potassium tetrachloro-
platinate (K,PtCl,), and copper sulfate (CuSO,). Mixtures were incubated
for 30 min to allow the binding of the metal ions to the metal-coordinating
sites. After this first incubation, the reduction of the metal salts was
achieved with sodium L-ascorbate (SA). The samples were heated up to
50 °C and stirred to 800 rpm. The reducing agent was added according
to the metal concentration of each reaction in a molar excess of 100. The
mixture was incubated for 72 h. The protein metal NCs were centrifuged
(1h, 4°C, 15000 rpm) to remove formed nanoparticles. The supernatant
was taken after centrifugation and concentrated up to 500 uL using Ami-
con filters cut-off 10 kDa and purified by PD 10 desalting columns. Protein
concentration was estimated by BCA assays by dilutions of the protein
metal NCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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